The quality and durability of normal concrete directly depends on the number and the shape of voids, so, in order to produce durable concrete, it is necessary to reduce the amount of air that is trapped inside the concrete, which is usually done by vibrating the concrete in the mixing stage or the casting stage. Self-compacting concretes are concretes that, in principle, don't require vibrating during casting. Such concretes possess enough compactness and flowability through gravity that during pouring they fill all the space in the formwork. However, it is frequently the case that the ideal self-compacting concrete that is produced in a laboratory cannot be produced on a construction site so such concretes require additional vibrations. The work examines the impact that the introduction of vibrations during mixing and during casting has on the final appearance and the compressive strength of normal and self-compacting concretes. Achieved results confirm that vibrating during the mixing stage can improve the workability of fresh concrete but not its final strength, especially for self-compacting concretes, while vibrating in the casting stage significantly contributes to the final strength of the concrete.
Introduction
Concrete is the result of the desire to produce a strong and cheap building material that would enable fast and inexpensive construction with acceptable durability of the structure. The first goal has essentially been achieved, while, on the question of durability, concrete is still lagging after its role-model: the stone. That is why in modern codes, durability is accepted as a parameter of quality as important as the parameters for the stability of the structure.
In the beginning concrete was used mainly for larger structures that contained little or no reinforcement. Unlike the modern concept of fresh concrete as a plastic mass that can easily be cast, the early concrete mixes had a small amount of water and were cast in small layers that were hand compacted. Appearance of water on the concrete surface due to compaction with heavy compactors was a sign of correct compaction. This method insured higher durability and strength of concrete which is proven by some of the structures that are in use to this day.
The reinforcement in reinforced concrete structures did not permit the above mentioned method of compaction. In order to fill all of the space in the formwork a mixture of concrete with a higher dosage of water was needed. Poor casting and more water caused an increase in shrinkage and concrete creep as well as lesser strength and durability.
Freyssinet's idea of vibrating the concrete and the development of a tool that entices vibrations in concrete contributed to better casting of concrete and insured a better quality of the built-in concrete. The use of different types and shapes of vibrators enabled casting of concretes of lesser manageability. From the time when L'Hermite tested the effects of vibrations on behaviour of fresh concrete up to now there have been many papers on the subject. However we can still state that the theory and the mechanism of vibrations in concrete, i.e. the correlation between the source of oscillations and the behaviour of fresh concrete, has not been sufficiently examined [1] [2] [3] [4] [5] [6] . The production of high quality and durable concrete is nearly impossible without additives. These additives can be divided into two groups: chemical admixtures and fillers. The most common chemical admixtures are the plasticizer and the superplasticizer that increase workability, i.e. reduce the amount of water needed in the concrete mix. To achieve high flowability as well as stability particles smaller then cement -fine materials can be added to the paste. The best is electrofilter SiO 2 (micro silica) that has an average particle size of a few micrometres. Due to its small spherical shaped particles, micro silica insures good cohesion and improved resistance to segregation and is effective in the elimination of bleeding [7] [8] [9] [10] . The other often used additive -flying ash is very efficient in increasing cohesion and reducing the sensitivity to changes in the amount of water.
The right ratios of chemical admixtures and fine materials (powder) can produce so called self-compacting concretes (SCC) that can fill any space and any corner in the formwork just through the action of its own weight without the need for vibrations.
The use of SCC is certainly justified and irreplaceable in cases when vibrating is difficult or completely impossible -narrow formwork, lots of reinforcement etc.
However, one of the questions that engineers encounter is: what if, due to production mistakes, the self-compacting concrete doesn't possess the required properties. The other practical question is: is the usage of SCC justified in conditions of normal casting (pouring), when vibration is possible and is there a need for vibrating SCC when it is used.
The amount of cement and all powder content varies between 450 and 650 kg/m 3 . The amount of small particles must prevent the segregation of large aggregate particles and enable their transport to all parts of the formwork [11] [12] [13] [14] [15] . The level of compaction of the cast concrete mainly depends on the ability to self-compact. The consequences of insufficient ability to self-compact cannot be fixed once the concrete is in the structure. That's why it is necessary to do everything that is possible to improve the concrete properties before it is cast/placed in the structure. Namely, the likelihood for SCC not to satisfy the requirements of self-compaction in real conditions is always great. Safawi et al. 16 tested how such SCCs can be improved upon. By measuring the workability of such concretes with the slump-flow method and the V funnel, they divided the concrete into 4 possible categories and suggested a way of improving such concrete, as shown in Figure 1 .
B. Persson 17 , while testing the resistance of SCCs to sulfates, compared the results for the SCCs and those for the corresponding vibrated (normal) concretes. While preparing the specimens he changed the method of mixing of the fresh concrete. He established that the specimens of the SCC kept in the sulfate solution displayed a higher percentage of mass loss than the specimens of the vibrated concrete. The reason was the new method of mixing concrete that was used in the research and a high amount of limestone filler. This proves that the method of preparation and the mixing of the concrete impact its durability.
On the other hand, Laskar 18 found Ot is to be mentioned that it is always difficult to develop a mix design method that can be used universally because same properties of fresh and hardened concrete can be achieved in different ways from same materials.
However, regardless of the concrete mixture, what the end user is almost solely interested in is the quality (strength), the appearance of the finished surfaces and the durability of the concrete in its hardened state.
All those factors are interconnected and if the concrete doesn't fill all the space in the formwork it cannot fulfil the required mechanical-physical properties. The areas of poor quality concrete in places where segregation or insufficient compaction occurred are mostly the areas where the process of concrete destruction (failure) starts. The durability of the overall structure is equal to the durability of its weakest place in the structure 19 . It is to be expected that the use of vibrations during mixing and/or placement of concrete will affect some of the properties that determine the durability of the concrete. Introduction of vibrations in the mixing stage improves the workability and the interface between the cement paste and the aggregate, and vibrations in the casting stage improve the robustness, the compactness of the concrete and formwork placement.
Experimental Testing of the Impact of Vibrations During Mixing

Introduction
The work examines the impact vibrations during and after mixing have on the appearance of the finished surfaces and the final characteristics of the concrete. The testing was conducted on the specimens of normal and selfcompacting concretes. For the self-compacting concrete the lowest recommended quantity of paste was chosen from the condition to achieve the "borderline" self-compacting concrete. The purpose of the work was to test how such concrete can be improved upon by introducing vibrations during mixing or placement/casting.
Workability was tested in the fresh state for all concretes using the slump method and additionally the slump-flow method for the SCCs. The dynamic module of elasticity and compressive strength were tested in the hardened state.
Materials and the contents of the samples
The testing was conducted on specimens of normal and self-compacting concretes. A series of tests has been performed but only two "typical" recipes have been chosen and shown: one for the normal concrete and the other for the self-compacting concrete of low workability. Labels and sample contents are shown in Table 1 . Samples labelled E were prepared and cast in the standard method. The other samples differ by either the mixing or the casting method, as shown in Table 1 .
Cement CEM O 42,5 R (3,14 kg/dm 3 ) and liquid PCE (poly-carboxylic-ether) superplasticizer (1,06 kg/dm 3 ) were used for both sets of sample series. SCCs were made with silica fume additive, with specific surface area according to Blaine greater than 15000 cm 2 /g, and the specific weight is 2,23 kg/dm (first 3 fractions). The chosen maximum aggregate grain sizes are typical for these two types of concrete and have no impact on the final test results because the normal and the self-compacting concretes as such are not compared. The composition and grain size distribution of the crushed limestone is shown in Figure 2 . The Figure 2 also shows the chosen granulometric curves of the aggregate used for the normal and the self-compacting concrete samples. For normal concrete it is a parabolic type curve:
where exponent n = 0,6. As it has been previously established 19 , when exponent n > 1/2, the curve in the diagram is located under the Fuller curve, i.e. the aggregate contains more large grains, the maximum volume concentration of the aggregate is increased but so is the susceptibility for segregation. This type of concrete has good characteristics in its hardened state if it is properly cast, i.e. if the segregation is avoided. That is why this mixture is suitable to clearly show the impact that the introduction of vibrations has during the mixing stage.
In accordance with Table 1 and Figure 2 the contents of the self-compacting concrete can be shown and compared with the evaluation criteria according to EFNARC 11 , Table 2 .
According to Erdem et al. 20 , the total powder content includes the aggregate particles smaller than 0,25 mm. If those particles are excluded, i.e. only the cement and silica fume contents summed up, the total powder content falls again within the recommended values. Table 2 shows that all of the design mixture values fall within the recommended values.
The process of sample making and testing
The usual method of mixing concrete involves: briefly mixing the dry components, followed by mixing with added water for 0,5 minutes, followed by adding the superplasticizer and mixing for further 2,5 minutes.
The preparation of samples that were vibrated during the mixing stage involved: firstly mixing the dry components and then adding water, after 1,5 minutes of mixing the mixer is stopped, the safety lid opened and the mixture vibrated with the pervibrator (Figure 3 ). The duration of vibrating was visually determined by the behaviour of the mixture in the mixer drum. The mixing would then continue for further 1,5 minutes. The vibrator used was the immerseable pervibrator 26 mm in diameter with the frequency of 18000 turns/min. After mixing, slump tests were performed on the normal fresh concrete and slump and slump-flow tests were performed on the fresh self-compacted concrete.
The samples were then cast into cube shaped molds 15 × 15 × 15 cm. ENC, VNC and VSCC were vibrated during casting, and ESCC and MSCC were not. VNC was vibrated in the mixing stage as well, so it required less vibration time during casting.
Molded specimens were kept for a day in a room with relative humidity greater than 90% and temperature 20 ± 2 °C after which the specimens were demolded and placed in water till testing day, i.e. 28 days.
Ommediately before testing the samples were taken out of the water and wiped dry.
Firstly the mass and all the dimensions of all the test samples were measured, followed by determining the dynamic module of elasticity with the ultrasonic method and testing the compressive strength.
Results of the fresh concrete tests
Results of the slump tests are in Figures 4 and 5 . The results presented in Figure 4 , show that the slump of the normal concrete, with the standard mixing and placement method (ENC), is slightly lesser than that of the sample with the same content that was vibrated during mixing (VNC). Vibrating during mixing improved the workability of the concrete.
The results show that ESCC and VSCC have almost the same value for the slump while the slump-flow differs slightly, Figure 5 . These values were expected considering that by this stage of testing the preparation of ESCC and VSCC is identical. Greater values of slump and slumpflow can be found in the results for the self-compacting concrete that was vibrated during mixing (MSCC) so it can be concluded that vibrating during mixing improved the workability of the self-compacting concrete as well.
Even though the V-funnel test was not performed on the self-compacting concretes (ESCC, MSCC and VSCC), it is evident from the size of the slump that this concrete would have a long flow time (longer than 8 s), so, according to Figure 1 16 , it belongs in the category of concretes for which vibrating is recommended, which was the intention. This is also confirmed by the results of the L-box and J-ring tests where blockage occurred, Figure 6 . 
Results and Discussions
Results of the dynamic modulus of elasticity test
The dynamic modulus of elasticity is determined by measuring the velocity by which the ultrasound wave passes through the test sample:
where:
• E -the dynamic modulus of elasticity
The density (r) of the test samples is within the range of 2249,21-2473,23 kg/m 3 , Poison's coefficient (m) is 0,2 according to 23 . The measured ultrasound speeds are within the range of 4756,9-5084,7 m/s.
The measured values are shown in Figure 7 .
The results of the dynamic modulus of elasticity tests for the normal concretes show that the ENC specimens have somewhat greater values of the dynamic modulus of elasticity than the sample of the same contents that was vibrated in the mixing stage, but the difference is minimal on the scale of 1 GPa.
The results of the dynamic modulus of elasticity test for the self-compacting concretes show that the specimens of the concrete that was vibrated during the casting stage (VSCC) have the greatest average value of the dynamic modulus of elasticity, but only slightly greater than the ESCC specimen. The specimens of the self-compacting concrete that was vibrated in the mixing stage (MSCC) have the lowest average value of the dynamic modulus of elasticity.
Since all the differences are small, the general conclusion is that the method of mixing and vibrating doesn't have a great influence on the dynamic modulus of elasticity.
Results of the compressive test
Compressive strength was determined in accordance with HRN EN 12390-3. The achieved results of the compressive strength test are shown in Figure 8 .
Results of the compressive strength test at 28 days show that normal concrete samples (ENC) have almost identical compressive strength as VNC. It can be concluded that, when the concrete mix is stable, the usual time and method of mixing are completely satisfactory. In other words, the introduction of vibrations in the mixing stage does not contribute to the quality of concrete and that in this case mixing is superfluous.
The samples of the self-compacting concrete that was vibrated in the casting stage (VSCC) have, by far, the highest strength. The samples of the self-compacting concrete that was vibrated during the mixing stage (MSCC) have the lowest strength. The differences between the values of the compressive strength are extremely high even though the concrete mix content is the same. 
Hardened self-compacting concrete
The appearance of the surface of the hardened SCCs is shown in Figures 9 and 10 . Figure 9 shows two samples of the same concrete mix (ESCC). It is clear from the photos that the concrete is not fully self-compacting and needs assistance during placement/casting either by poking with a stick, by shaking the mould or with vibrations. Similar appearance is evident in MSCC (Figure 10 ). Only the VSCC had all the satisfactory surfaces. It is evident from Figure 10 that the introduction of vibrations during the mixing stage cannot replace vibrations during the placement/casting, at least not for the tested concrete types.
After the compressive strength tests of the selfcompacting concrete samples, areas of nonhydrated cement and silica fume particles were noticed in the structures of the ESCC and VSCC samples, Figures 11 and 12 .
This wasn't that noticeable in the MSCC specimens that were vibrated during the mixing. The concrete with a lower degree of cement hydration generally has lower gel porosity, which explains the well-known fact that this type of concrete has greater compressive strength and betters other properties although it has a lower degree of hydration 19 . According to Figure 8 , ESCC and VSCC have significantly greater compressive strength than the MSCC.
Conclusions
Lack of qualified workers led to the development of the self-compacting concrete that has the ability to flow, selfcast and compact under its own weight without vibrating. For that to be possible, the self-compacting concrete must contain a greater amount of paste as a transport means and a lesser amount of aggregate to prevent flow blockages. The use of this concrete enables high durability of concrete structures and eliminates the noise of vibrating and shortens the construction time.
Designing the SCC mixture is a complex task. Obeying the recommended contents and the ratio of the components of the self-compacting concrete is not a guaranty that the end result will be a concrete that has the ability to selfcompact. Mistakes during casting produce areas in concrete of lesser quality that have a great impact on the durability of the overall structure because those are the areas were the reinforcement corrosion process begins.
The work examines the impact vibrations in the mixing stage and vibrations in the casting stage have on the compressive strength of concrete after 28 days using samples of normal concrete and "borderline" selfcompacting concrete -produced in real conditions (i.e. construction sites).
Results of the testing show that:
• The introduction of vibrations in the mixing stage improves the formability of fresh concrete; • Vibrations in the mixing or the casting stage had no significant impact on the dynamic module of elasticity of the normal or the self-compacting concrete; • Vibrations in the mixing stage had no impact on the strength of the normal concrete, but it significantly reduced the strength of the self-compacting concrete; • The highest strength was achieved by the samples of the concrete that was vibrated during the casting stage, which is a consequence of the formwork being thoroughly filled. Even though those were samples of the self-compacting concrete (SF smaller than 500 mm), additional vibrations improved the compactness of the concrete which resulted in the increased compressive strength and improved appearance of the concrete surface, and, with it, its durability.
